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Repeated dehydrationFluctuating thermal regimes (FTR), consisting of cycles between stressful low and benign temperatures,
are known to improve survival and fecundity in a variety of insects. By contrast, fluctuating hydration
regimes (FHR) consisting of cycles between dehydrating and benign conditions have been less compre-
hensively researched. Hypothetically, either repeated stress accumulates damage and reduces survival,
or the recovery periods may act as a protective mechanism by allowing low temperature- or dehydra-
tion-induced damage to be repaired. Using false codling moth (Thaumatotibia leucotreta) larvae, we inves-
tigated whether FTR and FHR resulted in protection, or accumulated damage, at the cellular and whole-
organism levels. Time- and age-matched controls were used to verify that the effects were due to the
fluctuating stressors and not age- or time-dependent responses. Results showed that larval body
water-(BWC) and lipid content (BLC) remained unchanged in response to FTR. Importantly though, FTR
are protective when compared to constant low temperature exposures, potentially due to an increase
in heat shock protein 70 (HSP70). However, larvae may suffer long-term fitness consequences compared
to constant benign exposures. Results for FHR appear equivocal when compared to constant controls, due
to high survival rates for all experiments, although the physiological responses to FHR included a
decrease in larval BWC and BLC, a decrease in cuticular water loss rates, and a depletion of HSP70 during
the final dehydration cycle. In conclusion, it appears that fluctuating stressors are protective in T. leucot-
reta when compared to constant stress conditions, likely through regulation of whole-animal metabolic
rate and HSP70, although other mechanisms (e.g. ion homeostasis) are also implicated.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Temperature and dehydration are two abiotic stressors com-
monly encountered by a wide range of insects in terrestrial envi-
ronments. The duration of exposure to the stress and whether
the stress is a single event versus a repeated exposure can both
play an interactive role in determining which physiological re-
sponses are induced and whether an insect is able to survive expo-
sure to temperature and/or dehydration extremes. In insects, low
temperature tolerance and dehydration tolerance are thought to
be closely linked as a result of (i) overlapping adaptations in hae-
molymph solutes, protective structures and habitat selection (Ring
and Danks, 1994), (ii) similar cellular and molecular responses to
these stressors (reviewed in Chown and Terblanche, 2007; Chown
et al., 2011) and (iii) the close ties of both traits to species distribu-
tions (e.g. Kellermann et al., 2012). Ultimately, when physiological
thresholds are overwhelmed and the scope for phenotypic plastic-
ity has been exhausted (or does not exist) exposure to either lowtemperature or dehydrating conditions can lead to mortality (e.g.
Chown and Terblanche, 2007; Whitman and Agrawal, 2009).
The physiological effects of repeated or fluctuating stressors un-
der field conditions are difficult to predict as most studies are per-
formed in controlled laboratory settings (Worner, 1992; Niehaus
et al., 2012). Given the integrated nature of responses to fluctuat-
ing, repeated stress, together with potentially non-linear interac-
tions between time and temperature (Ruel and Ayres, 1999),
inferring survival based on well-determined responses to immedi-
ate single exposures is considered to be challenging (discussed in
Marshall and Sinclair, 2010). Exposure to longer-term low temper-
atures broken by repeated short benign temperature periods (i.e.
fluctuating thermal regimes, FTR), or exposure to dehydrating con-
ditions broken by periods of recovery (fluctuating hydration re-
gimes, FHR), theoretically can result in one of two effects: either
the effects of repeated stress accumulate, lowering fitness and
reducing survival, or recovery periods allow for repair of damage
and thus enhance survival. When compared to constant low tem-
perature exposures, FTR reduces exposure time to potentially inju-
rious low temperatures. Thus, it may be generally expected that
FTR would be less fatal owing to the summed duration of stress
Table 1
A summary of low temperature fluctuating thermal regime (FTR) studies of freeze-intolerant insects. Only studies that measured physiological/biochemical variables are
included, while freeze tolerant species or studies that investigated only developmental rates or survival/emergence are excluded.
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a Lifestages: A, adult; pA, pharate adult; P, pupa; PP, prepupa; M, mummies; L, larva; E, eggs.
b Abbreviations of variables measured: [ion], ion concentration; H2O, water balance; CT, cold tolerance; Surv, Survival/mortality; FAA, free fatty acids; Cryo, cryoprotectants
(sugars & polyols); Resp., Respirometry (CO2 or O2 respirometry); Ox dam., oxidative damage; BF, body fat; hsps, heat shock proteins; SCP, supercooling point.
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treatments have been identified as important for thermal experi-
ments (see Kashmeery and Bowler, 1977; Marshall and Sinclair,
2012). However, time and temperature interactions are typically
complex and difficult to predict (e.g. Nedved et al., 1998 and see
discussion in Renault et al., 2004). In essence, experiments with a
short recovery period at benign conditions (i.e. longer exposure
to stressful conditions) may be fundamentally different to experi-
ments with short stress exposures. Despite the fact that several
studies have examined these issues (Table 1), the exact reasons be-
hind this effect remains largely unresolved. The same criticisms ofexperimental design can be raised for FHR, specifically that dose-
or time-matched controls are typically not included for both con-
stant hydration and dehydration conditions (e.g. Benoit et al.,
2010). The contrasting results from FTR studies therefore highlight
the need for further investigation of the effects of fluctuating stress
regimes on insects. However, it is clear that an integrative ap-
proach is required to better understand the mechanisms involved
in FTR and FHR. Furthermore, the integrative approach should per-
haps also consider phenotypic plasticity, cellular damage and re-
pair mechanisms (e.g. Sørensen et al., 2013), and diapause state
as major influencing factors, as this may allow for more accurate
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mately, fitness (see discussion in e.g. Chown and Terblanche, 2007;
Marshall and Sinclair, 2012).
Fluctuations in environmental conditions, such as temperature,
have been well documented to affect insect stress resistance (e.g.
Huey and Bennett, 1990; Terblanche et al., 2010a; Folguera et al.,
2011) and insect physiology more broadly (e.g. Koštál et al.,
2007). Previously it has been argued that FTR are fundamentally
different from constant temperature in the calculation of insect
development rates and accumulated day-degrees (see discussions
in Hagstrum and Milliken, 1991; Worner, 1992). Until recently
however, the physiological mechanisms underlying these differ-
ences were not well investigated (but see Richards and Suanraksa,
1962; Pullin and Bale, 1989). It is increasingly clear that insects
rely on a combination of genes, proteins (e.g. heat shock proteins,
enzymes, antifreeze proteins), cryoprotectants and membrane
changes to survive and recover from exposure to low temperatures
(reviewed in Clark and Worland, 2008; Lee, 2010; Storey and Sto-
rey 2012). At the critical thermal minimum (CTmin; lower limit of
activity), insects enter a reversible, non-lethal state of chill coma.
While the onset of insect chill coma is likely determined by a com-
bination of disruption of ion homeostasis and/or signal transmis-
sion failure (Goller and Esch, 1990; Hosler et al., 2000), and in
some species, possibly also whole animal oxygen limitation (Ver-
berk and Calosi, 2012; but see also Stevens et al., 2010), the mech-
anisms of recovery are typically not well understood and may not
necessarily involve a reversal of the mechanisms causing induction
of coma (reviewed in MacMillan and Sinclair, 2011). Therefore, the
physiological mechanisms induced by FTR are likely diverse and
implicate an important role for ion homeostasis, antioxidants, free
fatty acids, cryoprotective sugars, proteins and energy reserves
(including ATP) (an overview of mechanisms investigated to date
is given in Table 1).
Dehydration resistance in insects is dependent on body water
content, the rate of water loss, and the ability to tolerate desicca-
tion. Common physiological mechanisms used to counteract dehy-
dration stress include regulation of whole-animal gas exchange,
ion homeostasis and osmoregulation, synthesis of proteins and
cryoprotectants, and variation in cuticular hydrocarbon composi-
tion and amounts (reviewed in Hadley 1994; Benoit, 2010; Chown
et al., 2011). However, physiological responses to FHR are less well
studied. Two recent studies on the Antarctic midge Belgica antarc-
tica and the mosquito Culex pipiens showed that repeated dehydra-
tion depletes energy reserves and reduces fitness (Benoit et al.,
2010; Teets et al., 2012). Responses to both FTR and FHR may rely
on heat shock protein 70 (HSP70) as molecular chaperones to limit
the stress or repair damage to misfolded proteins, although only
indirect evidence for the involvement of HSP70 has been found
to date as studies investigate gene expression but not necessarily
the downstream protein product (e.g. Wang et al., 2006; Teets
et al., 2011; but see Tollarová-Borovanská et al., 2009). In addition,
whole-animal metabolic rate may also vary in response to FTR
(Leopold et al., 1998; Yocum et al., 2011; Lalouette et al., 2011).
In the few studies that have investigated FTR and FHR on the same
species, one potentially common response to both FTR and FHR is a
depletion of energy reserves (e.g. Teets et al., 2011, 2012; Benoit
et al., 2010) suggesting that whole-animal metabolic rate reduc-
tions may be a significant avenue for energy or water savings
(e.g. Schimpf et al., 2009; and see discussions in Chown et al.,
2011), especially given the water penalties incurred by gas ex-
change in terrestrial organisms (Woods and Smith 2010).
Here, using final instar larvae of the false codling moth Thauma-
totibia leucotreta (Meyrick) (Lepidoptera: Tortricidae), we aimed to
investigate the physiological effects of both FTR and FHR in a chill-
susceptible lepidopteran. Specifically, we sought to determine
whether the repeated stress has an accumulative damaging orprotective effect. This species was chosen as a model organism
for this study as the larvae do not have other physiological re-
sponses which may affect the outcomes of repeated stress: the lar-
vae do not undergo diapause, have limited plasticity of
supercooling point (i.e. the freezing temperature of body fluids)
and low temperature mortality, and are more sensitive to the tem-
perature of an acute exposure rather than the duration (Reed,
1974; Boardman et al., 2012; Boardman, unpublished). In the pres-
ent study, we therefore measured whole-animal metabolic rate
during FTR and FHR using flow-through respirometry, determined
HSP70 protein levels to investigate whether it may be playing an
important role in FTR or FHR, and compared whether these mech-
anisms may be similarly employed between FTR and FHR. We spe-
cifically chose to measure HSP70 protein as gene expression does
not always reflect functional changes in proteins (see discussions
in Colinet and Hoffman, 2012; Teets et al., 2013). Based on current
fluctuating stress response literature (Table 1), we predicted that
FTR would increase larval survival due to the recovery periods that
allow for damage to be repaired, with little effect on body water- or
lipid content (BWC and BLC respectively) or HSP70. While resting
metabolic rate (RMR) during FTR would be expected to change
based on temperature alone (i.e. Q10 effects, Hochachka and Somer-
o, 2002) it is less clear what the net effect thereafter would be. On
the one hand, FTR may result in a reduction in RMR due to the
accumulation of detrimental effects of stress, or it may up-regulate
RMR in order to repair damage caused during the low temperature
periods (see e.g. Storey and Storey, 2004; Terblanche et al., 2010b).
On the other hand, FHR could decrease larval survival given that
previous work has shown FHR to decrease overall fitness, decrease
BWC and BLC, and increase HSP70. FHR is further expected to de-
crease whole-animal metabolic rate, as this is a relatively well-doc-
umented response to dehydrating conditions (e.g. Schimpf et al.,
2009; Terblanche et al., 2010b). No net change could reflect a bal-
ance between these damage accumulation and repair processes or
a genuine lack of effect and may be difficult to tease apart further
without detailed cellular biochemistry experimentation.2. Materials and methods
2.1. Insect rearing
T. leucotreta larvae were obtained from XSIT, Citrusdal, main-
tained in an incubator (BOD-150, MRC Lab Instruments, Holon, Is-
rael) at 25 C (actual mean temperature ± SEM was 24.7 ± 1.0 C),
50% relative humidity (RH), 12:12, and used in FTR or FHR experi-
ments when they reached the final instar and began to wander off
the diet. During the experiments, each larva was kept individually
in a 1.5 mL microfuge tube with air holes.2.2. Experimental regimes
Larvae (total n = 832) were exposed to a fluctuating thermal re-
gime (FTR, Fig. 1A), fluctuating hydration regimes (FHR, Fig. 1B), or
one of their age- or time-matched controls. At timepoints tA to tX,
sampling for different assays was done. The first timepoint tA re-
flects basal physiology, prior to the onset of the experiment. The
experiments all ended at tD, whereafter larvae were allowed to re-
cover at 25 C for 24 h prior to sampling at tX. During all experi-
ments, temperatures were controlled using programmable
waterbaths (CC410wl, Huber, Berching, Germany). In all cases,
iButtons (DS1922L and DS1923 (accuracy ±0.5 C and 5% RH), Dal-
las Semiconductors, Dallas, Texas, USA) were used in combination
with glass thermometers and an infrared thermometer (accuracy
±2 C, Fluke 63 IR Thermometer, Fluke UK Ltd., Norwich, UK) to
Fig. 1. Larvae (n = 832) were exposed to a fluctuating thermal regime (FTR, A), fluctuating hydration regime (FHR, B), or one of their age- or time-matched controls. At
timepoints tA to tX, sampling for different assays was done. After tD, larvae were allowed to recover for 24 h at 25 C before sampling at tX (not pictured). For discussion on
metabolic rate changes (Fig. 3), the different periods of the FTR will be referred to as 15 hold, cooling, 5 hold or warming, followed by the number of the cycle. The different
periods of the FHR will be referred to as either dehydration or recovery, followed by the cycle number. Note that the FTR matched control (A, 2nd panel) does not have a tB,
and that tC for this experiment is not exactly the same time exposure as tC for the other FTR experiments, but will be referred to as such to facilitate comparison.
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mean (±SEM).
2.2.1. Fluctuating thermal regimes (FTR)
To investigate the effects of FTR, larvae were held at 15 C for
30 min (‘‘15 hold’’ period), before being cooled from 15 C to
5 C at 0.25 C/min (‘‘cooling’’ period). After 30 min at 5 C
(‘‘5 hold’’ period), the larvae were rewarmed to 15 C at
0.25 C/min (‘‘warming’’ period) and held at 15 C for 30 min. This
cycling was repeated five times (Fig. 1A). After the final 15 C for
30 min at timepoint D (tD), larvae were removed from waterbath
and placed in an incubator set at 25 C to monitor larval survival
and further development. Larvae were removed from the FTR at
each timepoint (tA to tX, Fig. 1A) for immediate BWC and BLC as-
says, or frozen at 80 C for HSP70 assay. Fifth instar T. leucotreta
larvae enter chill coma (CTmin) at 6.7 ± 0.1 C using this samestarting temperature and cooling rate (Boardman et al., 2012),
and all larvae are able to resume full activity (i.e. walking) within
ten minutes of removal from exposure to 1 C for 2 h (Boardman,
unpublished). Therefore, the FTR was chosen to fluctuate around a
value close to the CTmin, with a mean FTR temperature during the
fluctuations (i.e. without the 24 h recovery) of 5.5 ± 0.5 C. In addi-
tion, 5 C was chosen as a non-lethal low temperature to ensure
that all larvae were in a complete state of chill coma (lethal tem-
perature for 50% of the population is 11.5 ± 0.3 C after 2 h, and
the mean freezing point is 15.6 ± 0.6 C), and ramping rates were
the same as previous studies (see Boardman et al., 2012).
Age controls for the FTR consisted of two constant temperature
experiments held at either 15 C or 5 C for the same duration as
the FTR experiment (referred to as constant control 15 C and con-
stant control 5 C). An additional time-matched control consist-
ing of two cycles of being cooled from 15 C to 5 C at 0.25 C/
Fig. 2. An example of a fluctuating thermal regime (FTR) experiment showing
simultaneous CO2 output (middle/blue line, left axis), H2O output (top/green line,
right axis), activity (bottom/red line) and temperature (ibutton, middle/black line,
left secondary axis). _VCO2 fluctuates with temperature and _VH2O increases when
_VCO2 increases. The black box indicated in panel A, is shown in panel B at a finer
scale to illustrate a period of activity. Active gas exchange, indicated by spikes in the
activity trace, is visible during the first 30 min hold at 15 C, recovery at 15 C after
two cycles (approx. 28,000 s) and at the end of the cycling. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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at 15 C for 30 min, was also used (see Kashmeery and Bowler,
1977; Marshall and Sinclair, 2012). The mean temperature during
the time-matched control was 4.9 ± 0.5 C. Note that the FTR
time-matched control does not have a tB, and that tC for this exper-
iment is not exactly the same time exposure as tC for the other FTR
experiments, but will be referred to as such to facilitate compari-
son (Fig. 1). The mean temperatures experienced in the waterbath
for 5 C periods were 3.43 ± 0.5 C, while 15 C was more easily
obtained (15.50 ± 0.5 C).
2.2.2. Fluctuating hydration regimes (FHR)
To investigate the effects of FHR, larvae were kept at 25 C and
cycled between high and low RH (means were 85.2 ± 10% and
9.4 ± 5%, respectively) every 3 days (i.e. 2 days dehydrated, 1 day
recovery) and cycling between low and high RH was repeated
three times (Fig. 1B). To determine time-to-death from either
dehydration or starvation, larvae were kept under either starvation
(>90% RH) or starvation with dehydration (10% RH) conditions.
These results showed that larvae survive at least 10 days without
access to food, and at death, have lost approximately 50% of their
initial body mass and approximately 65–80% of their initial BWC
(Fig. S1). Therefore, the experimental duration was chosen to max-
imise the stress duration, while minimizing starvation-related
mortality. In order to assess daily body mass changes over the
10 day FHR duration, a separate 20 individuals were weighed daily,
and larval survival, pupation- and emergence were monitored.
Larvae exposed to FHR were kept individually in microfuge
tubes with air holes placed inside 5.5 L plastic containers plumbed
to allow airflow. Air from an aquarium pump was manually
switched between dry air from scrubber columns containing
50:50 silica gel:Drierite (WA Hammond Drierite Company Ltd.,
Ohio, USA) and moist air at >90% RH, humidified using a custom
made air bubbler kept at room temperature 25 C (see Stevens
et al., 2010). After the experiment, larvae were kept in an incubator
set at 25 C to monitor larval survival and further development.
Age controls in FHR consisted of two experiments that were held
at constant RH, either 85% RH (constant wet control) or 10% RH
(constant dry control), for 8 days at 25 C.
2.3. Assays
2.3.1. Flow-through respirometry
To determine whether whole-animal metabolic rate changes
were occurring during the FTR or FHR experiments, we used
flow-through respirometry to simultaneously measure gas ex-
change as carbon dioxide and water output with a Li-7000 infra-
red CO2/H2O analyser (IRGA, LiCor, Lincoln, Nebraska, USA), in con-
junction with electronically-recorded activity (Fig. 2). All individu-
als’ masses were recorded before and after each respirometry run
(accuracy ± 0.0001 g; AB104-S/Fact, Mettler Toledo International,
Inc.) and inserted into custom-built 3 mL plastic respirometry cuv-
ettes. Baseline recordings of the calibrated IRGA were taken before
and after experiments and analyser drift was corrected prior to
data extraction and analyses. For both FTR and FHR, temperature
was controlled using a programmable waterbath set to follow
the FTR or FHR protocol (Fig. 1).
Gas exchange during FTR was measured in individual larvae
(n = 11) using a standard push mode respirometry setup (see Ligh-
ton, 2008). Air from an aquarium pump was scrubbed of CO2 and
H2O by two columns containing soda lime, and 50:50 silica
gel:Drierite (WA Hammond Drierite Company Ltd., Ohio, USA)
respectively. Airflow was regulated at 200 mL min1 using a mass
flow control valve (Sidetrak, Sierra International, USA) connected
to a mass flow control box (Sable Systems, Las Vegas, Nevada,
USA) and fed through the cuvette to a calibrated IRGA plumbedin differential mode (see Lighton, 2008). The analyser was con-
nected to a desktop PC via RS-232 connection to record CO2 pro-
duction (in parts per million) and H2O loss (in parts per
thousand) using LiCor software. The cuvette was placed inside sev-
eral plastic bags before being submerged in a programmable
waterbath set to follow the FTR protocol (Fig. 1A).
For the FHR, multiplexed respirometry was used (following Bas-
son and Terblanche, 2011) to record CO2 and H2O output in seven
individuals. Seven 3 mL custom-built respirometry cuvettes were
used, with one of them recording activity (as per FTR respirome-
try). Cuvettes were maintained at 25 C and each respirometry
cuvette was recorded for 30 min with a baseline of 30 min before
each set of recordings (i.e. each individual was sampled once every
4 h cycle). Air was manually switched between dry air (directly
from scrubber columns) and moist air as per FHR description above
(Section 2.2.2). Before the moist air reached the gas analyser cell , it
was passed through a small custom made scrubber column con-
taining reactivated Drierite to remove the water vapour (see White
786 L. Boardman et al. / Journal of Insect Physiology 59 (2013) 781–794et al., 2006). Therefore, FHR data from the water channel could
only be used during the dehydration period owing to high back-
ground noise and limitations of IRGA accuracy.
2.3.2. Measurement of body water- and lipid content (BWC and BLC)
To determine the effects of FTR and FHR on BWC and BLC, 20
larvae from each timepoint (tA to tX; Fig. 1) of each experiment plus
each of their controls were assayed using gravimetric methods.
Larvae were weighed on an electronic microbalance to determine
the fresh mass. The larvae were then placed in an oven (IncoTherm
S, Labotec, South Africa) at 45 C for 3 days until a stable, dry body
mass was reached which was then recorded. Thereafter, larvae
were soaked in a 1:1 chloroform: methanol solution (which was
changed daily) for 3 days. After the final solution was removed, lar-
vae were air-dried in a fume hood until all the solution had evap-
orated, and re-weighed to determine the residual, fat-free body
mass. The difference between dry mass and fresh mass was consid-
ered to be body water content, and body lipid content was calcu-
lated as the difference between fat-free mass and dry mass.
2.3.3. Total protein concentration
In order to assess changes in total protein concentration, three
to six individuals were removed from each experiment and their
respective controls at each timepoint (tA to tX) and immediately
frozen at 80 C until analysis. Prior to protein extraction, individ-
uals were thawed from 80 C and masses were recorded using a
microbalance. Protein samples were obtained by homogenising
whole individual larvae in 400 lL cold phosphate buffered saline
(PBS) containing 2 mM PEFAbloc and a 1% volume antiprotease
cocktail (100 lL/mL pepstatin A, 50 lL/mL leupeptin, 10 mM ben-
zamidine, 10 mM sodium metabisulfite) (Karl et al., 2009). The
homogenate was centrifuged at 4 C, 11,000g (13,000 rpm) for
30 min and the supernatant was transferred to a new microfuge
tube. The protein concentration of the supernatant was quantified
using a BCA assay kit (Pierce, Thermo Fischer Scientific Inc., USA)
and samples were stored at 80 C until HSP70 measurement.
2.3.4. Heat shock protein 70 (HSP70) measurement
In order to determine whether heat shock protein 70 was in-
volved in FTR or FHR, HSP70 was measured in three to six individ-
uals from each timepoint (tA to tX; Fig. 1) of each experimental and
control group using a standard enzyme linked immunosorbent as-
say (ELISA) procedure. Western blotting was performed following
Clusella-Trullas et al. (in press) to confirm that the selected anti-
bodies bound specifically to a 70 kDa protein in T. leucotreta as well
as an HSP70 positive control (HeLa cytoplasmic lysate, Abcam,
Cambridge, UK) and that non-specific binding did not occur
(Fig. S2). An HSP70 standard was made by combining 50 lL total
proteins from each of six samples of T. leucotreta that showed po-
sitive HSP70 response using Western blotting.
Each T. leucotreta total protein sample was thawed from 80 C
and diluted in carbonate-bicarbonate buffer (pH 9.6; Sigma C3041)
to 30 lg/mL and 0.2 mL of this antigen coating solution was loaded
into each well of a clear microtiter plate (Maxisorp, Nunc Im-
muno™ plates, Sigma M9410-1CS) and incubated (covered) over-
night at 4 C. The outside wells of each plate were left blank to
avoid potential edge effects. Each sample was run in duplicate on
each plate, and plates were replicated twice. Each plate included
duplicates of the T. leucotreta HSP70 standard sample, as well as
blanks to allow for correction for interplate variation, as well as
background effects. The plates were washed three times in wash-
ing buffer (PBS-T: 10 mM phosphate buffer pH 7.4, 150 mM NaCl,
0.05% Tween 20–Sigma P3563) to remove the coating buffer. The
wells were blocked by adding 0.2 mL of 5% BSA–PBS solution (Sig-
ma A2153; 10 mM phosphate buffer, pH 7.4, 150 mM NaCl (Sigma
P4417), 0.1% sodium azide (Sigma S2002)) to each well andincubating the plate at room temperature for 1 h. The plate was
once again washed three times before adding 0.2 mL of diluted
monoclonal anti-heat shock protein 70 antibody produced in
mouse, clone BRM-22 (1:5000; Sigma H5147). The primary anti-
body detects both the constitutive (HSP73) and inducible
(HSP72) forms of HSP70 (hereafter referred to as HSP70). Each
plate was incubated at room temperature for 2 h, and then washed
before adding 0.2 mL 1:20000 enzyme-conjugated secondary anti-
body (HRP-conjugated rabbit anti-mouse IgG, Abcam #6728) in
PBS-T and incubating at room temperature for 2 h. The plate was
washed before detection using SIGMAFAST™ OPD tablets (Sigma
P9187). After 30 min at room temperature, the reaction was
stopped using 50 lL 3 M HCl. The plates were covered with foil
and stored overnight at 4 C before reading absorbance at
490 nm (EL800UV Universal microplate reader, Biotek Instruments
Inc. – software: KC Junior v 1.41.3, Biotek Instruments Inc.).
The absorbance value of the blank for each plate was subtracted
from each samples’ absorbance to account for background. Dupli-
cated sample absorbance on each plate was averaged and then
scaled relative to the plate standard (i.e. standard = 1). The sample
amount (lg/mL) and optimal antibody concentrations were deter-
mined using titration assays. The linearity of the ELISA reaction
was confirmed using a dilution series of sample containing
HSP70. The total protein concentration of all samples in the series
was made up to 30 lg/mL using 1 mg/mL BSA standard. The rela-
tive absorbance of these samples verified a linear signal with
increasing amounts of HSP70 at 30 lg/mL protein concentrations
(r > 0.99).
2.3.5. Fitness estimates: larval survival, pupation and emergence
Larvae were exposed to FTR, FHR or one of the respective con-
trol experiments in order to assess fitness (measured as larval sur-
vival, pupation and emergence at tX). Sample sizes varied between
nine and 53 due to larval availability. The 20 individuals that were
weighed daily for FHR mass changes, together with those used dur-
ing FTR and FHR respirometry runs, were also scored for larval sur-
vival. At tX, individuals were randomly selected for assays, and the
remaining larvae were kept at 25 C and allowed to pupate and
emerge. Pupation and emergence were calculated as a percentage
of the number of remaining larvae that were monitored for pupa-
tion. Larval mortality was scored as failure to respond to stimula-
tion with soft forceps, and pupa were scored as dead when they
were unable to wriggle their abdomen in response to touch and
had not emerged within 4 months.
2.4. Statistical analyses
Respirometry data were extracted in Expedata v. 1.1.25 (Sable
Systems, Las Vegas, Nevada, USA) using custom written macros.
Data were corrected for baseline drift and converted to lL/h for
_VCO2 and mg/h for _VH2O using standard conversions. Data for
FTR and FHR was extracted for each period (Fig. 1). For FTR, mean
_VCO2 and _VH2O were extracted, and excretion events and activity
during periods of recovery were counted. For FHR multiplexed
data, mean _VCO2 and _VH2O for each of the central 25 min of each
sampling period were averaged for each individual. _VCO2 includes
periods of activity, as resting metabolic rate was not obtainable for
all time periods (e.g. active _VCO2 during 15 C in FTR for the entire
30 min of sampling). Differences in respirometry means during dif-
ferent periods were compared using a generalized linear model
(GLZ, normal distribution, identity link function), with start mass
included as an independent variable.
Given the high correlation between replicate ELISA plates
(r = 0.81, P < 0.001) average absorbance for each sample was used
in all analyses. Thawed mass was significantly correlated with total
protein concentration (r = 0.65, P < 0.0001) and HSP70 (r = 0.68,
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mass to account for mass-effects between experimental groups
and trials. Data outliers that were 1.5 times larger than the group
mean were deleted before HSP70 analysis leaving n = 2–6 per
HSP70 sampling point. A GLZ (using a normal distribution and
identity link function) was used to assess the effects of experiment
and timepoint on the larval BWC, BLC and HSP70. Larvae that died
during the course of the FHR experiments were excluded from
BWC and BLC analysis. To examine the effects of the different
FTR and FHR experimental regimes on larval survival, pupation
and emergence, experiments were compared using a generalized
linear model (GLZ) with a binomial distribution, logit link function
and correction for over-dispersion.
FTR and FHR data were analysed separately except for larval
survival data. Differences in least squares means were used to
determine which groups were significantly different. All GLZ anal-
yses were performed in SAS 9.1 (SAS Institute, Cary, NC, USA). Sig-
nificance level was P < 0.05 for all analyses and all values presented
are mean ± SEM unless otherwise stated.3. Results
3.1. Effects of FTR and FHR on _VCO2 and _VH2O
The metabolic rate of larvae exposed to FTR closely follows the
temperature regime, decreasing as the temperature decreases and
increasing during recovery periods at higher benign temperatures
(Fig. 2). Both _VCO2 and _VH2O were significantly affected by period
(v2 = 274.8, DF = 20, P < 0.0001; v2 = 122.6, DF = 20, P < 0.0001;
Table S1). While differences between _VCO2 periods were detected
(Fig. 3A), the _VCO2 was comparable within the same type of period
for all periods except ‘‘15 hold 1’’ which was significantly higher
than the subsequent holds at 15 C. Prior to the start of the 1st
cooling period of FTR, all 11 individuals showed active gas ex-
change, identified using recordings of the electronic activity detec-
tor and _VCO2 simultaneously. As the FTR progressed, the number of
individuals showing active gas exchange decreased. _VH2O was sig-
nificantly higher during the first fluctuating cycle than later in the
experiment and remained stable after the initial decrease (Fig. 3B).
The _VCO2 of larvae exposed to FHR showed that _VCO2 was sig-
nificantly affected by period (v2 = 30.7, DF = 6, P < 0.0001,
Table S1). Larval _VCO2 was up-regulated during the first dehydra-
tion period, while for the rest of the FHR, larval _VCO2 was compa-
rable to metabolic rate recorded in larvae at 25 C (25 C data from
Boardman, unpublished; Fig. 3C). However, larval _VH2O was not
significantly different between periods (v2 = 4.3, DF = 3, P = 0.23;
Fig. 3C). Larval mass was significantly affected _VH2O in FTR
(v2 = 14.6, DF = 1, P = 0.0001), and _VCO2 in FHR (v2 = 6.8, DF = 1,
P = 0.0093), but not _VCO2 in FTR, nor _VH2O in FHR.3.2. Effects of FTR and FHR on body mass, water- and lipid content
The mean masses of larvae at the start of FTR and FHR (tA) were
not significantly different (39.5 ± 1.9 mg and 44.8 ± 2.2 mg, respec-
tively; t48 = 1.8, P = 0.08). However, larval BWC and BLC were sig-
nificantly different between FTR and FHR at tA (t48 = 3.5, P < 0.01;
t48 = 2.0, P < 0.05; Fig. 4). Larvae exposed to FHR lost a significant
amount of water over the course of the experiment (F7,146 = 14.1,
P < 0.0001). On average, each larva lost 17.5 mg after 10 days, with
the most mass lost during the first 3 days (10 mg), followed by
5 mg over the next 3 days (Fig. S3). No increase in body mass oc-
curred during recovery days, indicating that absorption of atmo-
spheric moisture (i.e. rehydration) did not occur during recovery
periods. The body mass of larvae exposed to FHR and both of the
constant RH controls decreased significantly during the first 3 days(by tB). Mass lost during FHR (as a % of start mass) was comparable
to mass lost during constant dry control, but was significantly dif-
ferent to the constant wet control at tD. At tD, larvae exposed to FHR
had lost 43.9% of their original start mass, while the constant wet
control had only lost 29.7% (t25 = 3.3, P < 0.003; data not shown).
The differences in mass between FHR and the age controls were
not significant at tX (mass lost in FHR = 40.0%, constant wet con-
trol = 36.8%, constant dry control = 38.0%).
The BWC of larvae during both FTR and FHR was affected by
experiment and timepoint (FTR: v2 = 42.7, DF = 3, P < 0.0001 and
v2 = 123.4, DF = 3, P < 0.0001 respectively; FHR: v2 = 33.2, DF = 2,
P < 0.0001 and v2 = 339.6, DF = 4, P < 0.0001 respectively;
Table S1, Fig. 4). Larval BWC during FTR was significantly lower
than BWC at tA, and was significantly lower than the BWC of all
three of the age- and time-matched controls at tC and tD. By tX,
there was no significant difference in larval BWC between the
FTR and any of the FTR controls (Fig. 4A). Larval BWC during FHR
and FHR controls were significantly lower than tA (Fig. 4B). The
BWC of larvae exposed to constant wet control was significantly
higher than in larvae exposed to FHR at both tB and tD (Fig. 4B).
The BLC of larvae exposed to FTR was affected by both experiment
and timepoint (v2 > 8.19, DF = 3, P = 0.04; Table S1). Larval BLC
during FTR were all comparable to tA, except at tB where the con-
stant control 5 C was significantly lower (Fig. 4C). Larvae ex-
posed to FHR and both the constant RH controls showed a
decrease in BWC and BLC relative to tA (Fig. 4B and D). Only time-
point, but not experiment, had a significant effect on the BLC of lar-
vae exposed to FHR (v2 = 49.68, DF = 4, P < 0.0001; Table S1). At all
the timepoints measured, with the exception of the constant wet
control at tB, larval BLC was significantly lower than at tA
(Fig. 4D). At tD, the BLC of larvae in the constant wet control exper-
iment was significantly lower than in FHR.
3.3. Effects of FTR and FHR on total protein concentration and heat
shock protein 70
Both total protein concentration and HSP70 in larvae exposed to
the FTR or constant controls were significantly influenced by
experiment (v2 = 95.6, DF = 3, P < 0.0001 and v2 = 41.9, DF = 3,
P < 0.0001), but not timepoint (v2 = 7.8, DF = 4, P = 0.10 and
v2 = 3.0, DF = 4, P = 0.56), and there was a significant interaction ef-
fect between these (v2 = 48.2, DF = 8, P < 0.0001 and v2 = 16.1,
DF = 8, P = 0.04; Table S1, Fig. 5A and C). Total protein concentra-
tion remained unchanged over the course of the FTR experiment.
A significant reduction in total protein concentration occurred dur-
ing the constant control at 15 C at tB, tC and tD. Larval HSP70 dur-
ing tB to tD of the FTR remained comparable to tA (basal) levels.
However, HSP70 at tX was significantly higher than HSP70 at both
tA and tB. No associated increase in total protein concentration was
detected (Fig. 5A). Larval HSP70 in some of the age- and time-
matched controls was significantly lower than HSP70 at tC and tD
in the FTR (Fig. 5C ). At tX, HSP70 in all the controls was signifi-
cantly lower than in larvae exposed to the FTR.
The total protein concentration and HSP70 in larvae subjected
to FHR or constant controls were not affected by experiment
(v2 = 1.9, DF = 2, P = 0.38 and v2 = 0.1, DF = 2, P = 0.95) or timepoint
(v2 = 3.7, DF = 4, P = 0.44 and v2 = 1.39, DF = 4, P = 0.85). There was
an interaction effect between these two (v2 = 16.0, DF = 6, P = 0.01)
for HSP70, but not for total protein concentration (v2 = 0.9, DF = 6,
P = 0.99; Table S1, Fig. 5B and D). No significant differences in total
protein concentration occurred during the different timepoints of
the FHR or its controls. Likewise, the controls did not differ from
the FHR at any of the timepoints (Fig. 5B). The HSP70 in larvae sub-
jected to FHR was equivalent to basal (tA) levels throughout the
experiment (Fig. 5D). HSP70 decreased significantly between tC
and tD of the FHR. During the recovery period (tX), HSP70 increased
Fig. 3. Mean _VCO2 (black bars) or _VH2O (grey bars) represented as least square means + SEM over the course of the fluctuating thermal regimes (FTR, A and B) and fluctuating
dehydration regimes (FHR, C). _VCO2 includes periods of activity, as resting metabolic rate was not obtainable for all time periods. Periods with different letters are
significantly different. Axes for C are scaled equally to A and B for comparison. The FTR (A and B) was divided into each period following the time-course of the experiment:
‘‘15 hold’’ – 30 min hold at 15 C; ‘‘cooling’’ – cooling from 15 C to 5 C at 0.25 C/min; ‘‘5 hold’’ – 30 min hold at 5 C; ‘‘warming’’ – warming from 5 C to 15 C at
0.25 C/min. Both larval _VCO2 and _VH2O were significantly affected by period (P < 0.0001; GLZ, Table S1). The FHR (C) was divided into periods of either dehydration (2 day
duration) or recovery (1 day) repeated three times. Basal _VCO2 or _VH2O at 25 C were obtained from the authors’ unpublished data. Larval _VCO2 was significantly affected by
period (P < 0.0001; GLZ, Table S1), while larval _VH2O was not significantly different between periods (P = 0.23; GLZ, Table S1).
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Fig. 4. Mean (±95% CI) body water content (BWC, A and B) and body lipid content (BLC, C and D) over the course of the fluctuating thermal regime (FTR, A and C) and
fluctuating hydration regime (FHR, B and D) at different timepoints (see Fig. 1). BWC and BLC were scored as a percentage of start mass (mg). Solid and dotted lines represent
mean ± upper and lower 95% CI of basal content (tA). ⁄Indicates timepoints that differed significantly from tA levels. Within each timepoint, indicates experiments that
differed from the fluctuating regime. Axes for each parameter are scaled the same for comparison. Timepoint has a significant effect on FHR BLC (P < 0.0001, GLZ, Table S1).
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The HSP70 of larvae exposed to the constant wet control or dry
control was significantly higher at tD than the HSP70 of larvae ex-
posed to the FHR. At tX no differences in HSP70 between FHR and
the controls were seen.3.4. Effects of FTR and FHR on larval survival, pupation, emergence
Larval survival, pupation and emergence were significantly af-
fected by experiment (v2 = 30.7, DF = 6, P < 0.0001; v2 = 29.7,
DF = 4, P < 0.0001; v2 = 29.8, DF = 4, P < 0.0001; Fig. 6). Larvae ex-
posed to FTR had 76.0% survival (n = 50), which is comparable to
constant control 15 C (90.0%, n = 30), but significantly higher than
larval survival after constant control 5 C (53.3%, n = 30) and the
time matched control (48.3%, n = 29). After the constant control
15 C, 90.0% of larvae pupated and 85% emerged (n = 20), while lar-
vae exposed to the constant control 5 C had the lowest pupation
and emergence (20.0% and 15% respectively, n = 20). Approxi-
mately 40% of larvae from both the FTR and matched control pu-
pated (n = 20 each) with 33.3% emerging after FTR and 25% after
the matched control. Out of 53 larvae exposed to FHR, 96.2% sur-
vived (n = 53), which was not significantly different to either con-
stant RH control (wet control: 90.0%, n = 10; dry control: 77.8%,n = 9; P > 0.05). Pupation and emergence for larvae exposed to
FHR were 90.9% and 78.8% respectively (n = 33; Fig. 6).4. Discussion
While previous studies have clearly shown that FTR can in-
crease cold survival in freeze intolerant insects generally (dis-
cussed by Koštál et al., 2007; e.g. Colinet et al., 2007a,b;
Lalouette et al., 2011), mechanistic studies of the physiological ef-
fects of FTR are lacking for freeze intolerant Lepidoptera (but see
Pullin and Bale, 1989; Churchill and Storey, 1989; Kim and Song,
2000), with most related studies investigating only freeze tolerant
species (e.g. Sinclair and Chown, 2005) or only the effects of fluc-
tuating temperature on development rates (e.g. Zalucki, 1982; Liu
et al., 2002). Although the effects of FTR and FHR on mortality or
life-history traits have been investigated simultaneously (e.g. fun-
gal pathogenicity, Fargues and Luz, 2000) they do not measure
overall physiological changes of the insect. Other studies examin-
ing these two stressors typically do not attempt to disentangle the
fluctuating temperature and moisture stress, but instead change
temperature and inadvertently relative humidity conditions vary
(e.g. Pike et al., 2005). To our knowledge, our study is unique
since it is the first to report on physiological changes of both re-
peated thermal and dehydration stress in the same freeze
Fig. 5. Median (with non-outlier range) total protein concentration (A and B) and HSP70 (C and D) over the course of the fluctuating thermal regime (FTR, A and C), fluctuating
hydration regime (FHR, B and D), and their respective controls at different timepoints (Fig. 1). The straight line indicates the basal median from tA (with dotted lines
representing the non-outlier range). ⁄Indicates timepoints that differed significantly from tA levels. Within each timepoint, indicates experiments that differed from the
fluctuating regime. Larval total protein concentration and HSP70 during exposure to FTR (A) was significantly influenced by experiment (P < 0.0001 in both cases), but not
timepoint (P = 0.10 and 0.56), and there was an interaction effect (P < 0.0001 and P = 0.04; GLZ, Table S1). In contrast, larval total protein concentration and HSP70 during
exposure to FHR (B) was not affected by experiment nor timepoint (P > 0.38 in all cases) but there was an interaction effect for HSP70 (P = 0.01, GLZ, Table S1).
Fig. 6. Larval survival (black bars), pupation (dark grey bars) and emergence (light grey bars) scored at tX after each of the experiments, represented as percentage. Pupation
and emergence were calculated as a percentage of the number of remaining larvae that were left to continue development. No pupation or emergence was scored for FHR
controls. Errors bars represent least squared standard error from the GLZ model. Experiments with different letters differed significantly: small letters were used for survival
results (valid for comparison between FTR and FHR), capitals for pupation, and small italicised letters for emergence.
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metabolic rate during FHR and measure HSP70 in response to
FHR. We found that both FTR and FHR did not result in high larval
mortality and were comparable to constant controls at benign
conditions (Fig. 6). Metabolic rate was regulated during both
FTR and FHR. HSP70 levels increased during recovery from FTR
(tX), while during FHR, HSP70 decreased at the end of the 9 days
cycling (tD) before increasing again during recovery to be compa-
rable to basal levels at tX. The survival results for larvae exposed
to FTR, and metabolic rate, BWC, BLC and HSP70 for larvae ex-
posed to either FTR or FHR, are in agreement with other studies
published to date (e.g. Leopold et al., 1998; Tollarová-Borovanská
et al., 2009; Teets et al., 2012). However, our result on survival for
larvae exposed to FHR differs from our expectation that FHR
would decrease larval survival, based on previous studies that
have shown that FHR decreases overall fitness (e.g. Benoit et al.,
2010; Teets et al., 2012).
Larval survival after FTR was comparable to larvae exposed to
the constant control 15 C while the pupation rates were signifi-
cantly less after FTR than this control. This suggests that while
the larvae are able to survive the thermal stress, they may not have
sufficient energy reserves left to complete their life cycle. Alterna-
tively, the increase in HSP70 needed to efficiently survive the FTR
may be detrimental over longer time-periods (see Krebs and Feder,
1997, 1998), the cold periods may affect cell cycle activities and in-
duce an apoptotic response when returned to favourable growth
conditions (Lalouette et al., 2010) or ATP homeostasis may not be
regained after the cold exposure (Colinet 2011). This fitness conse-
quence may be a common response to FTR, although generally few
studies measure pupation and/or emergence rates in addition to
larval survival. However, this long-term effect may be a similar fit-
ness consequence to that of decreased fecundity in response to re-
peated cold exposures (e.g. Marshall and Sinclair, 2010; Renault,
2011; but see Basson et al., 2012). Exposure to FTR appears to be
protective when compared to larvae exposed to the constant cold
exposure at 5 C or the time-matched control, as the larvae ex-
posed to FTR had a significantly higher rate of larval survival. This
indicates that the FTR itself was not stressful or, alternatively,
other mechanisms may be acting to reduce the impacts of the fluc-
tuating thermal stress such as re-establishment of ion gradients
(Koštál et al., 2007; MacMillan et al., 2012). For example, T. leucot-
reta have fructose, glucose and trehalose which likely act as cryo-
protectants (Boardman et al., in preparation), and the
concentrations present in larvae may be sufficient for coping with
FTR at these timescales. The increase in larval survival after FTR
(vs. constant control 5 C and time-matched control) is likely
not a result of rapid cold-hardening, as no such responses have
been found for T. leucotreta larvae (Boardman, unpublished) and
limited plasticity of supercooling point and lower lethal tempera-
ture has been shown to date (Boardman et al., 2012). Based on
the respirometry activity data which shows that larvae are able
to resume active respiration during the benign recovery periods
of FTR, larvae are capable of recovering and being active within a
short period of time. This is supported by trial chill coma recovery
assays which showed that all larvae were able to resume activity
(walking) within ten minutes at 25 C after 2 h exposure at 1 C
(Boardman, unpublished). The increase in _VCO2 during recovery
periods of FTR, while not equal to, nor higher than the initial hold
at 15 C, may indicate that protective or repair processes are taking
place. However, this rapid increase in metabolic rate with the re-
turn to warmer temperatures may result in oxidative damage
and a subsequent need for antioxidants to counteract the cellular
injury (Lalouette et al., 2011).
Larval BWC during exposure to FTR was significantly less than
that of the larvae exposed to constant controls during the fluctua-
tions (tB  tD; Fig. 4A). Seven out of 11 individuals show excretionevents in the _VH2O trace during the 1st cycle of the FTR with no
further excretion events evident after the start of the second cool-
ing period. This correlates well with _VH2O, with no significant
changes occurring after this initial period (Fig. 3B). This may be
due to larvae actively excreting water during the first cycle in prep-
aration for the low temperature event, as well as the higher _VCO2
during recovery periods. Together, these results on larval BWC and
_VH2O suggest that T. leucotreta are not prioritising water saving
mechanisms at these FTR time/temperature scales, possibly in an
attempt to limit ice nucleators in the gut (Lee, 2010; and see Board-
man et al., 2012) or control ion homeostasis.
Exposure to FHR appear to have no survival benefits for larvae
compared with the constant RH controls, although given that there
are physiological changes it is perhaps reasonable to assume that
they are actively responding to ensure survival under these condi-
tions. Both previous studies on FHR have shown that it reduces
metabolic reserves (Benoit et al., 2010; Teets et al., 2011).
However, in our study _VCO2 is up-regulated during the first dehy-
dration period only (i.e. first 2 days). For the rest of the FHR, no up-
regulation occurs (Fig. 3C) and metabolic rate remains comparable
to that recorded in larvae at 25 C (Boardman, unpublished). There-
fore, the reduction in metabolic reserves found in previous studies
may be due to the energy reserves being used to limit damage (e.g.
by stabilizing membranes), and not due to increased metabolism.
Alternatively, metabolic reserves such as glycogen may be broken
down to compensate for dehydration stress. Likewise, the rapid
dehydration used in our study may be too quick to allow the larvae
to upregulate metabolic gene expression during the dehydration
period (see Teets et al., 2013).
At 25 C, _VH2O is 0.84 ± 0.18 mg/h with cuticular water loss
(CWL) of 0.66 ± 0.20 mg/h and respiratory water loss (RWL) of
0.18 ± 0.04 mg/h (calculated from flow-through respirometry data
following regression method described in Gibbs and Johnson,
2004). Therefore, at 25 C larvae would lose 20 mg H2O per day
and should die within 3 days unless metabolic rate was down-reg-
ulated. Given that larvae only lose a total of 17.5 mg during the
FHR (Fig. S3), metabolic down-regulation most likely functions to
limit RWL during the dehydration stress experienced under FHR,
extending the time before the critical 50% body mass levels (equiv-
alent to 20–35% BWC remaining) are reached. However, at best,
reducing _VH2O would save a maximum of 4 mg H2O per day. This
suggests that CWL would also need to be reduced to ensure the
water-saving needed to survive. Therefore, there are most likely
changes in cuticular permeability, possibly through variation in
the amount or composition of hydrocarbons (reviewed in e.g.
Gibbs and Rajpurohit, 2010; Chown et al., 2011), in T. leucotreta
to counteract the dehydration stress.
To investigate this possibility further, total water loss (TWL),
CWL and RWL for larvae were calculated for larvae during the final
15 C hold of FTR (i.e. up to tD), and from the 16–20 h of day 8 (final
day of dehydration) of FHR. Only larvae with periods of resting
metabolic rate were used. The TWL, CWL and RWL (mg H2O/h/
mg mass) for larvae exposed to FTR are comparable with larvae re-
corded at a constant 15 or 25 C (Mann–Whitney U-test, P > 0.65).
However, the TWL and CWL of larvae were significantly reduced
during exposure to FHR, in comparison to FTR (Z = 2.5, P = 0.012),
while RWL was not significantly different between FTR and FHR
(Z = 1.9, P = 0.06; Fig. 7). The relative contributions of RWL to
TWL (in %) are not significantly different for both FTR and FHR
(P = 0.7; Fig. 7). The CWL in T. leucotreta larvae accounts for
80.1% of the variation in TWL during FTR, and 95.5% during FHR
(calculated using r2 values of regressions, see Johnson and Gibbs,
2004). Therefore TWL decreases in FHR as a result of a decrease
in CWL, further confirming the notion that the dehydration stress
during FHR causes larvae to reduce CWL, probably in order to
conserve water.
Fig. 7. Mean (+SEM) water loss rates divided into total water loss (TWL), cuticular water loss (CWL) and respiratory water loss (RWL) expressed as mg H2O/h/mg mass or as a
percentage of TWL for larvae during the end of FTR (black bars) or FHR (grey bars). ⁄Indicates where FTR and FHR are significantly different. The TWL and CWL of larvae were
significantly reduced during exposure to FHR, in comparison to FTR (Z = 2.5, P = 0.01), while RWL is not significantly different between FTR and FHR (Z = 1.9, P = 0.06). The
relative contributions of RWL to TWL (in %) are the same for both FTR and FHR (P = 0.68).
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sal (tA) HSP70 throughout the experiment, until tX where it is sig-
nificantly higher. HSP70 after FTR was significantly higher at tX
than all the other age and time-matched controls, perhaps explain-
ing why these individuals exposed to FTR show high larval sur-
vival. The total protein concentration and HSP70 of the larvae
exposed to the time-matched control at tX is less than at tA, possi-
bly indicating that the high mortality after this experiment may re-
sult from a lack of protein up-regulation and HSP70 during the first
24 h of recovery. The high variance in total protein concentration
during the constant control at 5 C and the time-matched control
at tC and tD may be early signs of a disruption in protein homeosta-
sis induced by environmental stress (Orlando and Guillette, 2001),
and is supported by the high mortality after these FTR control
experiments. The lack of HSP70 up-regulation during the exposure
to FTR (tB to tD) may also occur because the 30 min recovery period
at 15 C is not sufficient time to produce HSP70, even though hsp70
mRNA may be up-regulated (Wang et al., 2006; Tollarová-Boro-
vanská et al., 2009; Teets et al., 2011). Additionally, HSP70 may
not be expressed in response to low temperature stress, and may
instead only be up-regulated in response to rewarming stress (dis-
cussed in e.g. Nielsen et al., 2005). However, if this were the case in
our experiments, we would have therefore expected an increase in
HSP70 in all the FTR experiments from tD to tX when the larvae
were moved to 25 C for recovery.
The HSP70 of larvae exposed to FHR drops during the final
dehydration-recovery cycle, i.e. between tC and tD, before increas-
ing during the recovery period (HSP70 levels at tX are comparable
with tA, Fig. 5D). This suggests that HSP70 may be induced during
favourable benign conditions of FHR to reduce rehydration stress
(Hayward et al., 2004). However, given that the constant dry con-
trol (10% RH) does not show the same increase between tD and tX,
the larvae exposed to FHR may need HSP70 to repair damage in-
curred during the fluctuations. The two controls remain compara-
ble to HSP70 at tA throughout the 10 day experiment, which
suggests that T. leucotreta contain sufficient levels of basal HSP70
to counteract a significant amount of stress.
While the ecological relevance of using 10% RH for dehydration
and rapid shifts between RH conditions may be debatable, even at
this low RH larvae of T. leucotreta are able to survive for at least
10 days, and those that pupate under these conditions are able to
emerge as adults. Given this tolerance to dehydrating conditions,
using more ecologically relevant RH fluctuations may not have
elicited any changes in physiology before pupation occurred, and
would thus not necessarily be more informative.
Although FTR and FHR experiments were performed over differ-
ent timescales (i.e. FTR short-term, and FHR long-term) and useddifferent stressors, it is nevertheless informative to make general
comparisons of these two potential stressors (see Section 1). The
2 day FTR appears to be more stressful than the 10 day FHR as it
results in higher mortality and lower pupation. The _VCO2 during
FTR tightly follows the changes in temperature and after the 24 h
recovery period is still significantly less than initial metabolic rate
at 15 C. The _VH2O of larvae exposed to FTR decreases during the
first two cycles and then stabilizes for the remainder of the exper-
iment. The metabolic rate of larvae exposed to FHR is up-regulated
during first dehydration period but for the remainder of the FHR no
up-regulation occurs, and _VH2O remains unchanged. Exposure to
short-term FTR increases HSP70 during the 24 h recovery, while
HSP70 decreases during the third cycle of FHR and increases during
the recovery period. Therefore, while both FTR and FHR rely on reg-
ulation of metabolic rate and HSP70, FHR is likely also dependent
on water-saving mechanisms during dehydration stress.5. Conclusion
This study has confirmed that exposure to FTR are protective
when compared to constant low temperature exposures. The re-
sults indicate that survival stems from the warming periods allow-
ing for stress repair and HSP70 up-regulation, and not because of
less time spent at the low temperatures, as exposure to FTR results
in significantly more larval survival than exposure to the matched
control. However, our study shows that there may be potential
long-term fitness consequences for larvae exposed to FTR, which
warrants further investigation. This study also found that FHR ap-
pear neither protective nor damaging when compared to constant
controls, although it was clear that the physiological responses to
FHR included a decrease in CWL and changes in HSP70. For T. leu-
cotreta specifically, it appears that fluctuating or repeated stressors
are generally protective and are not more detrimental than con-
stant stress conditions. Therefore, pest management and post-har-
vest sterilization strategies should perhaps avoid unnecessary
fluctuations in stress conditions to avoid inadvertently inducing
protective biochemical mechanisms. Future research into ion
homeostasis and the role of cuticular permeability during fluctuat-
ing stress, as well as ecologically relevant daily fluctuations in
T. leucotreta, would prove invaluable in contributing to under-
standing of the mechanisms induced by fluctuating stress.Acknowledgements
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